The use of mathematical models in the study plant growth allows the identification of phases important to the cultivars and comparison between cultivars of the same species. The objectives of this work were to fit the Gompertz and Logistic growth models for the traits of plant height and stem length as a function of the accumulated thermal sum and accumulated solar radiation, to compare the fittings and the behavior of the sudangrass cultivars and indicate the model that best describes the growth of the cultivars during four sowing seasons. Were conducted eight uniformity trials with sudangrass. At 15 days after emergence, were began the collect and evaluation of five plants from each trial. Were measured plant height and stem length. The models were fitted using the values obtained for the traits of the five plants in each evaluation as a function of the accumulated thermal sum and accumulated solar radiation. Were estimated the parameters, determined their interval of confidence, critical points in the growth curves and quality indicators of the fit. The intrinsic nonlinearities and the parameter effect were also quantified. The accumulated thermal sum and accumulated solar radiation are adequate for the use as an independent variable in the model fitted. Both models were adequate to describe the growth of the traits plant height and stem length of cultivars BRS Estribo and CG Farrapo. However, the Logistic model is more accurate.
Introduction
The sudangrass (Sorghum sudanense (Piper) Stapf.), which belongs to the Poaceae family, is an annual species originated from southern Egypt and Sudan and cultivated in hot climates. Its purpose is to serve as fodder for animal feed and soil cover plant. The sudangrass is considered a rustic plant and is tolerant of acid soils, low fertility, and water deficit (SATTELL et al., 1998) .
As it is a crop of which interest is fast growth, both for the supply of fodder and soil protection, the cultural treatments must be conducted according to the plant´s needs and during the seasons in which it is most responsive. To do this, we must understand how the sudangrass grows, which can be accomplished by adjusting mathematical models.
These models are used to predict the occurrence of a specific phenomenon in many fields of study. In the agronomic field, the modeling has been used to estimate the period of occurrence of phenological phases (LEE et al., 2003) , in the identification of intrinsic characteristics of the physiology of each species, in the form in which each organ contributes to the final growth (BENINCASA, 2003) , as well as to predict crop yield (GOMES et al., 2014) . Furthermore, the modeling allows to study the growth processes, relating them to the number of days since the cultivation or plant emergence (AUGOSTINHO et al., 2008) , or even relating them to the meteorological variables of the environment in which the plant is found (OLIVEIRA et al., 2017) . However, for these models to be reliable, it is necessary that, when fitted, they describe the phenomenon as close as possible to reality (BRITO et al., 2007) .
Models can be linear or nonlinear. The nonlinear models are the most indicated to describe the growth curves of living organisms, given that, when welladjusted, they can present a smaller number of parameters when compared to the linear models and, also presenting parameters of biological interpretation (ARCHONTOULIS; MIGUEZ, 2015) .
The nonlinear models most often used to represent plant growth are the Gompertz and Logistic models since they present sigmoidal curves. Both models were used to describe the growth of morphological traits of sunn hemp (BEM et al., 2017) , of cashew fruits (MUIANGA et al., 2016) , and of coffee fruits (FERNANDES et al., 2014) .
Thus, the objectives of this work were to fit the Gompertz and Logistic growth models to the traits of plant height and stem length as a function of the accumulated thermal sum and accumulated solar radiation, compare the fittings and the behavior of the sudangrass cultivars and indicate the model that best describes the growth during four sowing seasons.
Material and Methods
Eight uniformity trials (blank experiments) with sudangrass [Sorghum sudanense (Piper) Stapf.] were conducted in the experimental area of the Department of Plant Science of the Federal University of Santa Maria (29º42'S, 53º49'W and 95 m altitude) in the agricultural year of 2016/2017. The region presents a Cfa subtropical climate, with hot summers and no defined dry season (ALVARES et al., 2013) , with a soil classified as a Sandy Dystrophic Red Argisol (SANTOS et al., 2013) .
The trials were composed by the combination of two cultivars (BRS Estribo and CG Farrapo), sown during four seasons (December 20 th , 2016, January 20 th , 2017, February 7 th , 2017 and February 24 th , 2017). The cultural practices were performed homogeneously in all uniformity trials.
The area was prepared for sowing with light harrowing and the application of base fertilization in the dose of 33 kg ha -1 of N, 132 kg ha -1 of P 2 O 5 , and 132 kg ha -1 of K 2 O (660 kg ha -1 of the commercial formula 5-20-20). Sowing was performed in rows spaced 0.4 m, using a density of 25 kg ha -1 of viable seeds for both cultivars. All sowing was done within the recommended season for cultivation in Rio Grande do Sul, from October to February (SILVEIRA et al., 2015) . Each uniformity trial occupied an area of 9 m × 16 m (144 m²). When the plants presented three to four leaves, was applied nitrogen fertilization using 67.5 kg ha -1 of N (150 kg ha -1 of urea).
Plant collects and evaluations were performed three times a week, from 15 days after plant emergence until the end of the flowering stage. Were randomly collected five plants from each trial for each evaluation and measured plant height (PH, in cm), distance from the soil surface to the insertion of the last expanded leaf of the main stem, and stem length (SL, in cm). To determine the SL, the leaves were removed from the plant and was measured the distance from the soil surface to the growing point.
In the period between the first sowing season (December 20 th , 2016) and the last evaluation of the fourth sowing season (May 29 th , 2017), were collected the records of maximum and minimum air temperature, in °C, and incident global solar radiation, in MJ m -2 from the INMET Automatic Weather Station, located 30 m from the experimental area. With the data of temperature was calculated the daily thermal sum by the method proposed by Arnold (1960) 
according to the equation:
Where STd is the daily thermal sum, Tmax is the maximum daily temperature, Tmin is the minimum daily temperature, and Tb is the inferior base temperature of the saccharine sorghum BRS 511 of 10.8ºC (BANDEIRA et al., 2016) used as a reference, because were not found studies on the base temperature of the sudangrass and the saccharine sorghum is from the same genre as the sudangrass. Subsequently, were calculated the accumulated thermal sum (ATS) by summing the STd of the period between the plant emergence and the end of the evaluations of each cultivar in each season. To obtain the accumulated solar radiation (ASR) was adopted the same process, summing the daily incident global solar radiation data from the same period.
To fit the Gompertz and Logistic models, to each trait, were used the values of the five plants of each evaluation in function of the accumulated thermal sum (ATS) and accumulated solar radiation (ASR). The equation used in the Gompertz model was: y i = a exp [-exp(b-cx)] , and the Logistic equation was: y i = a/[1+exp (-b-cx)] , where y i represents i-th observation of the dependent variable where i = 1, 2, ..., n; a is the asymptotic value or final growth value; b is the curve allocation parameter, having no biological interpretation but fundamental to the sigmoidal shape of the curve; c is the maximum relative growth rate or precocity index; and x is the independent variable. The initial estimates of the parameters were performed using the ordinary least square method.
After the fit, were applied the Shapiro-Wilk, Bartlett, and Durbin-Watson tests to verify the assumptions of normality, homoscedasticity, and residue independence, respectively. In the cases where the assumptions were not met, were
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To fit the Gompertz and Logistic models, to each trait, were used the values of the five plants of each evaluation in function of the accumulated thermal sum (ATS) and accumulated solar radiation (ASR). The equation used in the Gompertz model was: y i = a exp [-exp(b-cx) ], and the Logistic equation was:
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After the fit, were applied the Shapiro-Wilk, Bartlett, and Durbin-Watson tests to verify the performed data transformations with the Box-Cox transformation using the Action software.
Were calculated the critical points of the function of each model from which inferences can be made regarding the growth of the culture. Were calculate the inflection point (IP), maximum acceleration point (MAP), maximum deceleration point (MDP), and the asymptotic deceleration point (ADP) according to the equations described by Mischan and Pinho (2014) .
The comparison between the growth models, fitted for the traits of the plant height and stem length, was carried out by overlapping the confidence intervals of the parameter estimates of each model. To do this, were calculated the lower and upper limits of the 95% confidence interval. According to the criterion, when at least one parameter estimate of a trait for a given season was contained in the confidence interval of the parameter of the same trait of another season, they do not differ. However, if none of the estimates were contained in the confidence interval of the other, the estimates of the parameters differ. These comparisons were conducted, first, between the cultivars within each sowing season and, later, between sowing seasons of each cultivar for each model.
The evaluation of the adjustment quality of the models was performed based on the adjusted coefficient of determination (R²aj), with the best adjustment presenting the highest value for R²aj; Akaike's information criterion (AIC), where the best model presents the lowest AIC value; and residual standard deviation (RSD), where the best adjustment presents the lowest RSD value.
The behavior of the nonlinear models was analyzed using the nonlinearity measures of Bates and Watts curves (1988) , in which the nonlinearity is decomposed into intrinsic nonlinearity (IN) and nonlinearity of the parameter effect (PE) based on the geometric concept of curvature. Thus, the model to be chosen is the one with the lowest IN and PE values.
Statistical analyses were performed using statistical software R (R DEVELOPMENT CORE TEAM, 2018) and the Microsoft Office Excel ® application.
Results and Discussion
After the fit the Gompertz and Logistic models, were verified by the tests of Shapiro-Wilk, Bartlett, and Durbin-Watson, the assumptions of normality, homoscedasticity, and residue independence, respectively. From the p-values of the tests used in the residue analysis of the models, were observed that the residues of the models fitted to plant height and stem length data of the sudangrass cultivars sown in four seasons, as a function of ATS and ASR, presented normal distribution, homogeneity, and independence, fulfilling all assumptions (p-value> 0.05).
In the Table 1 , the estimates of the parameters of the Gompertz and Logistic models of the PH and SL traits as a function of the accumulated thermal sum, as well as the comparison between the cultivars within each sowing season. For the comparison, the criterion of overlapping of confidence intervals was adopted, as well as a study conducted by Bem et al. (2017) , in which the authors stated that the cultivars present the same growth behavior if parameters a, b, and c are equal.
The sowing seasons determined different cultivar behaviors using the Gompertz model when considering the PH models as a function of the ATS. When verifying only the final growth value (parameter a), there was no difference between the cultivars at seasons 1, 2, and 4, which can indicate that there was no difference in the final height of the plants for these cultivars. When using the Logistic model, we observed that the cultivars did not differ in seasons 1 and 3, and presented values similar to those of parameters a, b, and c, which means they had similar growth curves that can be used for both cultivars during these seasons. For parameter c, there was no difference between seasons 1, 2, and 3, indicating that, during these seasons, the precocity index (parameter c) did not differ between cultivars. Table 1 . Estimates of parameters and lower limit (LL) and upper limit (UL) of the 95% confidence interval of the Logistic and Gompertz models, for the traits as a function of the accumulated thermal sum, of sudangrass cultivars BRS Estribo and CG Farrapo sown at four seasons. Concerning the SL trait, was verified a distinct behavior among cultivars during all sowing seasons when using the Gompertz model. However, there were no differences in the final growth value between the cultivars in seasons 1 and 4. When using the Logistic model, was verified that the cultivars did not differ during season 1, presenting the same growth behavior. In the season 2, the cultivars differed only by the value of a, not differing in the parameters b and c. In the seasons when there were differences between the cultivars regarding PH, was observed that during season 2, cultivar BRS Estribo showed plants with greater height and lower precocity index when compared to cultivar CG Farrapo. Contrary behavior was observed for season 4. At seasons in which differences between cultivars in the SL occurred, was verified that in the seasons 2 and 3, cultivar BRS Estribo presented higher values of stem length and lower precocity index when compared to cultivar CG Farrapo. In season 4, was verified a reduction of SL and PH, as well as the inversion of cultivar behavior, indicating a stronger effect on cultivar BRS Estribo than on CG Farrapo by late sowing.
When the Gompertz and Logistic models were fitted as a function of ASR, were verified no differences between cultivars regarding PH at seasons 1 and 3 (Table 2) . At the second sowing season, were observed that the cultivars did not differ for parameters b and c, differing only in relation to plant height at the end of the development cycle. The cultivars presented the same behavior for SL at season 1 for Gompertz and Logistic models. As occurred in the models adjusted as a function of ATS, cultivar BRS Estribo presented higher values for PH and SL when compared to cultivar CG Farrapo at the seasons in which there were differences between cultivars apart from season 4 in which an inversion in behavior occurred . Martins Filho et al. (2008) reported differences between the cultivar behaviors in growth curves of common bean cultivars. continuation Table 2 . Estimates of parameters and lower limit (LL) and upper limit (UL) of the 95% confidence interval of the Logistic and Gompertz models, for the traits as a function of the accumulated solar radiation, of sudangrass cultivars BRS Estribo and CG Farrapo sown at four seasons. Were also compared the sowing seasons within each cultivar using both models (Table 3) . When analyzing these comparisons based on the models fitted as a function of the ATS, was verified that, regarding the Logistic model, the PH did not differ between seasons 1 and 2 for cultivar CG Farrapo, while, with the Gompertz model, this behavior was observed for PH and SL traits. When was observed only the final growth value, it is possible to notice that seasons 1, 2, and 3 for both cultivars, evaluated using the Gompertz model, and seasons 1 and 3 of cultivar BRS Estribo and 1 and 2 of cultivar CG Farrapo, evaluated using the Logistic model, presented the same behavior between sowing seasons, resulting in plants with equal PH and SL. Season 4 presented distinct behavior from the other seasons, with smaller values for PH and SL.
continuation Table 3 . Comparison of the parameters estimates, based on the overlapping of the confidence intervals of Logistic and Gompertz models, between sowing times of the sudangrass, cultivars BRS Estribo and CG Farrapo (December 20, 2016 , January 20, 2017 , February 7, 2017 , and February 24, 2017 .
Season
Season continuation When comparing the sowing seasons of each cultivar with the models fitted as a function of ASR, was verified that, by the Gompertz model, cultivar BRS Estribo presented the same behavior in seasons 1 and 2 for PH, which also occurred for cultivar CG Farrapo in PH and SL. Parameters a and c did not differ between seasons 2 and 3 for PH and SL in both cultivars. By the Logistic model, cultivar BRS Estribo presented the same behavior in seasons 1 and 2 for PH and SL. The final growth of this cultivar did not differ between seasons 1, 2, and 3 for both traits. Cultivar CG Farrapo presented distinct behavior between seasons. However, there was no difference between parameters a and c of the PH for cultivar BRS Estribo in seasons 2 and 3, and parameters a and b of SL in seasons 1 and 2. Therefore, when the adjustment was done in function of the ATS, season 4 presented the lowest values for PH and SL. Bem et al. (2017) found different behaviors between sowing seasons in the sunn hemp crop.
When observing the meteorological data of the season in which the tests were conducted ( Figure  1) , we observed that, over time, a drought period occurred, and the temperatures and global solar radiation incident reduced. These facts can explain the reduction in the values of PH and SL in season 4 since it was the one most affected by the changes in meteorological conditions. A reduction of plant development was observed in soybean (MELGES et al., 1989 ) and maize (MOZAMBANI; BICUDO, 2009) when submitted to smaller amounts of solar radiation and lower temperatures and light quantity, respectively. Thus, we can affirm that late sowing, even in the season preferred by the sudangrass, tends to reduce the crop cycle and, consequently, the growth of the plants, as indicated by Silveira et al. (2015) . We indicated the models to describe the sudangrass growth using quality indicators, which evaluate the fit quality. For PH and SL in all models fitted according to the ATS, were observed that the values of the adjusted coefficient of determination (R²aj) were equal to or superior to 0.9524, demonstrating the good capacity of the models in explaining the growth curves (Table 4 ).
We indicated the models to describe the sudangrass growth using quality indicators, which evaluate the fit quality. For PH and SL in all models fitted according to the ATS, were observed that the values of the adjusted coefficient of determination (R²aj) were equal to or superior to 0.9524, demonstrating the good capacity of the models in explaining the growth curves (Table 4) . Table 4 . Fit quality indicators, curvature nonlinearity measures and critical points of Logistic and Gompertz models fitted to the traits plant height (PH) and stem length (SL) as a function of accumulated thermal sum (ºC) for cultivars BRS Estribo and CG Farrapo in four sowing seasons. We also observed R²aj values equal to or superior to 0.9415 at the models fitted according to the ASR (Table 5 ). Thus, we can infer that the Gompertz and Logistic models adjusted for the ASR can also be satisfactorily used to describe the growth curves for plant height and stem length of both cultivars of sudangrass sown in the four seasons, considering the ASR independent variable as an alternative to fit growth models in crops that have no defined base temperature or that do not respond to the thermal sum.
In some cases, when using the Gompertz model, the estimates of the asymptote were higher when compared to the estimates of the Logistic model. Although it did not overestimate the observed values, these superior values obtained for the parameter a influenced the quality of the fit. When comparing the Gompertz with the Logistic models, considering all the quality indicators, we found higher values of R²aj and lower values of AIC and RSD for the Logistic model, indicating its superior adequacy to describe crop growth curves. These results are consistent with those found by Muianga et al. (2016) and Maia et al. (2009) , who evaluated the quality of the fit of growth models, obtaining better performance from the Logistic model. In addition to the quality indicators, the nonlinearity measures of the Bates and Watts curves reinforce the choice of the Logistic model as preferred since, in most cases, it presents lower values for both intrinsic nonlinearity (IN) and nonlinearity of the parameter effect (PE). These measures indicate that this model behaves closer to linear, which is desired to better describe the growth curve of the sudangrass. Table 5 . Fit quality indicators, curvature nonlinearity measures and critical points of Logistic and Gompertz models fitted to the traits plant height (PH) and stem length (SL) as a function of accumulated solar radiation (MJ m -2 ) for cultivars BRS Estribo and CG Farrapo in four sowing seasons. When comparing the models, we noticed that by the Gompertz model, the need for ATS or ASR is smaller to reach the MAP and IP when compared to the Logistic model and that the plants reach MAP and IP with lower PH and SL in the Gompertz model. Figures 2 and 3 show the growth curves and Logistic equations that are most indicated, with their respective critical points. Notice that cultivar CG Farrapo demands a lower accumulated thermal sum or accumulated solar radiation to reach MAP and IP when compared to cultivar BRS Estribo. The period between MAP and IP is important, given that it is during this phase that the plant growth rate increases until reaching a maximum rate, that is, it is in this period that the plant presents a rapid increase in height and stem length, requiring more nutrients. Thus, the prediction of the occurrence in this period is important since it is where the plant requires more attention, being more responsive to fertilization and control of invasive plants. Therefore, we can infer that fertilizing management and weed control should be performed earlier in the CG Farrapo cultivar when compared to BRS Estribo. Among sowing seasons, was verified that the fourth season (February 24 th , 2017), sown at the end of the sowing season indicated for the crop, showed the lowest values for PH and SL and demanded less ATS and ASR to reach all critical points of the growth curve (MAP, IP, MDP, and ADP). Therefore, we can affirm that the delay in the sowing period, exposing the plants to lower temperatures and incident global solar radiation, reduces the crop cycle, decreasing the period between MAP and IP, as well as the period from the IP to the MDP and ADP, when there is a marked decrease in the growth rate and the beginning of the growth stabilization, respectively. Because of the reduction of the crop cycle, the plants presented lower PH and SL.
Based on the results obtained in this work, it is possible to affirm that there is a difference between cultivars within sowing seasons and between sowing seasons of the same cultivar. Thus, we indicate using the model best fitted for a specific cultivar within the sowing season. It is worth noting that the models were adjusted using local meteorological data and for the four sowing seasons. Therefore, the use of the models with meteorological data of another location or sowing season can generate divergent, but expected results. However, since we found no modeling work using the growth of sudangrass and, especially, because of the representativeness of this database (three weekly evaluations of five plants during the crop cycle, in two cultivars sown in four seasons), these models become a reference for future research.
Conclusions
The accumulated thermal sum and accumulated solar radiation are suitable for use as an independent variable to adjust the Gompertz and Logistic models.
There was a difference between the cultivars at sowing seasons and between sowing seasons for the same cultivar regarding plant height and stem length for both models.
The Gompertz and Logistic models fitted to plant height and stem length of cultivars BRS Estribo and CG Farrapo in four sowing seasons satisfactorily describe the growth behavior. We indicate the Logistic model since it presents better quality indicators.
